The SM proteins Vps33A and Vps33B are believed to act in membrane fusions in endosomal pathways but their specific roles are controversial. In Drosophila, Vps33A is the product of the carnation (car) gene. We generated a null allele of car to test its requirement for trafficking to different organelles. Complete loss of car function is lethal during larval development. Eye-specific loss of Car causes late, light-
Introduction
Membrane fusion events are necessary for cargo to move between distinct endocytic compartments. The specificity of these fusion events is controlled by multiple elements. First, tethering factors force membranes into sustained proximity before fusion is initiated (Whyte and Munro, 2002; Cai et al., 2007) . A second contribution to the specificity of fusion comes from the restricted combinations in which soluble N-ethylmaleimide sensitive factor-attachment protein receptors (SNAREs) combine preceding fusion (McNew et al., 2000; Jahn and Scheller, 2006; Bethani et al., 2007) . A third element of specificity is provided by the family of Sec1/Munc18-related SM proteins which were first identified based on genetic screens in Drosophila, C. elegans and yeast (Beadle and Ephrussi, 1936; Brenner, 1974; Novick and Schekman, 1979) . The interactions of SM proteins with SNAREs are complex (Carpp et al., 2006 ) but appear to be required for all SNARE-mediated fusion events (Jahn et al., 2003; Toonen and Verhage, 2003) .
SM proteins add specificity and efficiency to membrane docking and fusion events by directly interacting with individual SNARE proteins and also with assembled SNARE complexes Hong, 2005; Dulubova et al., 2007; Shen et al., 2007) . For example, yeast Vps33 is required for early endosomal fusion events (Peterson and Emr, 2001; Subramanian et al., 2004) and also for fusions of vacuolar membranes with late endosomes, other vacuoles, or autophagosomes (Banta et al., 1990; Seals et al., 2000; Klionsky, 2005) . During such fusion reactions, Vps33 participates in two distinct steps: early in the tethering of vesicles to the target membrane and later in the SNARE-mediated fusion (Wang et al., 2003) .
Like other SM proteins (Dulubova et al., 2002; Carpp et al., 2006; Latham et al., 2006; Dulubova et al., 2007) , Vps33 interacts with SNAREs: Pep12 during early endosomal fusion (Subrahmanyam et al., 2003) and Vam3 or Vam7 (Stroupe et al., 2006) during vacuolar fusions. These interactions may be indirect, however, as Vps33 is part of two protein complexes: the CORVET complex (short for: class C core vacuole/endosome tethering) during endosomal fusions (Peplowska et al., 2007) and the HOPS complex (for: Homotypic Vacuolar Protein Sorting) during vacuolar fusions (Seals et al., 2000; Wurmser et al., 2000) . Both of these complexes share a core comprising the group C vacuolar protein sorting (Vps) proteins Vps11, Vps16, Vps18 and Vps33 (Rieder and Emr, 1997) . This core is modified by the accessory subunits Vps3 and Vps8 in the CORVET complex (Subramanian et al., 2004; Peplowska et al., 2007) or Vps39/Vam6 and Vps41/Vam2 in the HOPS complex (Seals et al., 2000; Wurmser et al., 2000) . Interactions among the core Vps-C proteins are well conserved in vertebrates (Kim et al., 2001; Richardson et al., 2004) and invertebrates (Sevrioukov et al., 1999; Pulipparacharuvil et al., 2005) .
Metazoan genomes encode two Vps33 homologs (Pevsner et al., 1996) and loss of function models have been described for both in different species. Knockdown of Vps33B in zebrafish results in underdeveloped bile ducts (Matthews et al., 2005) .
Similarly, mutations in the human vps33B gene cause defects in motor units, kidney epithelia and bile secretion (Gissen et al., 2004) , a triad of symptoms characteristic of Arthrogryposis-Renal dysfunction-Cholestasis syndrome (ARC). Strikingly, kidney and liver cells from ARC patients mislocalize some proteins normally restricted to the apical surface (Gissen et al., 2004) .
These phenotypes are distinct from those observed for mutations in Vps33A in mice and flies. A point mutation in the murine buff gene causes several defects typical for Hermansky Pudlak syndrome, such as reduced pigmentation and prolonged bleeding time due to defects in secretory granules of platelets (Suzuki et al., 2003) . Similarly, in Drosophila a single amino acid change in the Vps33A homolog is responsible for the carnation 1 (car 1 ) eye color mutation (Sevrioukov et al., 1999) . Eye pigmentation defects also accompany the functional loss of other homologs of HOPS subunits, particularly deep orange (dor), the homolog of vps18 (Shestopal et al., 1997) , light, the homolog of vps41 (Warner et al., 1998) and dVps16A (Pulipparacharuvil et al., 2005) . Beyond pigmentation, Drosophila HOPS complex subunits are also required for lysosomal delivery of different cargoes and the fusion of lysosomes with autophagosomes (Sevrioukov et al., 1999; Sriram et al., 2003; Pulipparacharuvil et al., 2005; Lindmo et al., 2006) .
To which extend the two Vps33 homologs contribute to different fusion events in the endosomal/lysosomal system (Fig. 1A) is not well defined yet. Some studies pointed to a role of Car/Vps33A as part of the HOPS complex in lysosomal delivery and autophagosome fusion (Sriram et al., 2003; Pulipparacharuvil et al., 2005; Simonsen et al., 2007) . By contrast other studies suggested that the role of Vps33A homologs are restricted to the delivery of cargo to melanosomes and lysosomerelated organelles (LROs), whereas Vps33B homologs function during endosomal and lysosomal fusions (Suzuki et al., 2003; Gissen et al., 2005) . To clarify the role of Vps33 homologs, we have generated a null allele of car. Its analysis revealed that Car is required not only for pigmentation but also for the delivery of different cargoes to lysosomes and for the normal subcellular distribution of Rab7-positive late endosomes.
Results
Car is an essential gene.
To generate a null allele of car we imprecisely excised the P(lacW) G0447 transposon inserted in its 5'UTR. Among four mapped deletions, three extended into the neighboring gene grip84. One deletion, car
∆146
, eliminated almost the entire car coding unit (aa 1-584 of 617 aa) without disrupting neighboring genes ( Figure 1B ).
Western blotting confirmed the loss of Car expression in the car ∆146 allele ( Figure 1C ).
Based on this molecular analysis, we consider car ∆146 a null allele.
The car ∆146 allele was hemizygous lethal; such larvae did not develop beyond the second instar stage, although car ∆146 second instar larvae could survive up to 6 days from the day of egg laying. Lethality caused by the car ∆146 mutation was completely rescued by a transgene containing the genomic region of car (Fig. 1B) or by a car cDNA under control of the ubiquitously expressed da-Gal4 driver (Wodarz et al., 1995) . These results confirmed that the lethality of the car ∆146 chromosome is due to the loss of car function.
Eyes in which subsets of cells lacked car function were generated using the FLP/FRT system (Xu and Rubin, 1993) . Patches of homozygous car ∆146 mutant cells in adult eyes lacked almost all pigmentation (Fig. 1E ) similar to cells carrying the strong dor 8 allele (Fig. 1F ). This result is consistent with the car 1 mutant phenotype and the requirement of the HOPS complex in trafficking to pigment granules during eye development (Warner et al., 1998; Sevrioukov et al., 1999; Pulipparacharuvil et al., 2005) .
Loss of car function causes late degeneration.
Mosaic eyes containing car ∆146 mutant and wild-type cells revealed additional functions of Car (Fig. 2) . In sections of eye from two-day old flies, patches of mutant cells were identified by their lack of pigmentation. In mutant ommatidia (red arrowhead in Fig. 2A Fig. 2B for two examples). These data suggest that, similar to other HOPS subunits in Drosophila (Pulipparacharuvil et al., 2005; Lindmo et al., 2006) or yeast (Klionsky, 2005) , Car is required for the fusion between lysosomes and autophagosomes and these normally transient structures accumulate in car null cells.
Defects in autophagy have been linked to neurodegeneration (Cuervo, 2006; Rubinsztein, 2006) ; we therefore wanted to investigate the long-term consequences of loss of car function. In young flies, retinal cells were fully formed but 20-day old flies exhibited extensive degeneration rendering most cellular structures, including rhabdomeres, barely recognizable (arrowhead in Figure 2C ). Several forms of retinal degeneration are dependent on the activation of the photo-transduction cascade (Wang and Montell, 2007) . We therefore investigated eyes of flies that were raised for 20 days in the dark. In such dark-raised flies, car ∆146 cells, nevertheless, exhibited massive degeneration (Fig. 2D) . Therefore, retinal degeneration in car null eyes was not light dependent.
Consistent with a mechanism independent of the phototransduction cascade, degeneration was not restricted to the eye but was also apparent in wings of flies with car ∆146 clones. In young flies (2 days after eclosion), the first sign of this degeneration was a darkening of different wing areas (arrows in Fig. 2F, G) . In older flies the wings started to become frayed and ended up notched (Fig. 2H) . It is important to note that this age-dependent degeneration is mechanistically distinct from the "notched wing" phenotypes observed in mutants with partially inactivated Notch signaling which exhibit morphogenetic defects early during larval stages (Major and Irvine, 2005) . Instead, this late phenotype is reminiscent of the wing blemishes observed in cell death mutants that interfere with post-eclosion elimination of wing cells by the concerted activity of apoptosis and autophagy (Kimura et al., 2004; Link et al., 2007) .
Car is required for endocytic trafficking to lysosomes
To analyze whether car is required for endocytic trafficking we investigated several ligands and receptors in car ∆146 cells in third instar larvae. The Boss protein is expressed on the apical surface of developing R8 photoreceptors cells and its binding to the Sevenless receptor triggers Boss internalization into R7 precursor cells where it is degraded in less than two hours . In car ∆146 ommatidia, Boss is still targeted to the apical domain of R8 cells. However, internalized Boss accumulates in car ∆146 R7 cells beyond normal levels (Fig. 3A ).
This suggested a defect in endocytic trafficking of Boss.
This defect is not specific for Boss, as several other ligands and receptors exhibited similar accumulation. For example, Delta accumulated in car ∆146 cells (Fig.   3A ,B). Furthermore, intracellular levels of Notch were elevated in patches of car ∆146 cells ( Fig. 3C ), whereas the level of Notch on the apical cell surface was not altered (arrows in Fig. 3C , C'). To test whether this effect is restricted to transmembrane proteins we analyzed the distribution of Wingless (Wg) in wing discs with patches of car ∆146 cells and found that this secreted ligand also accumulated in mutant cells ( Fig.   3E ).
Among different ligands and receptors tested, the accumulation was most striking for Delta, we therefore focused on the intensely stained Delta-positive compartments in car ∆146 cells to further characterize the requirement for Car. First, we tested whether Delta accumulates within the secretory system. However, there was no significant overlap between the Golgi protein Lava lamp and Delta-positive compartments in car ∆146 cells (Fig. 3F ). This result, together with the normal delivery of Boss and Notch to the apical surface (Fig. 3A , C), pointed to Delta accumulating in endosomal compartments. To directly test this possibility we incubated live discs with antibodies against the extracellular domain of Delta (Le Borgne and Schweisguth, 2003) . After a chase of 30 or 60 min, the extracellularly added antibodies were detected in the Delta-positive compartments in car ∆146 cells, identifying them as part of the endocytic systems ( Fig. 3D and S1).
Defects in several other endocytic trafficking mutants interfere with normal cell signaling (Seto et al., 2002) . For example, in cells mutant for erupted or dVps25
Notch signaling is activated and triggers the expression of Upd (Moberg et al., 2005; Thompson et al., 2005; Vaccari and Bilder, 2005; Herz et al., 2006) . Unlike those mutants, car ∆146 cells do not upregulate Upd (Fig. 3G , G'), consistent with the normal formation of car ∆146 ommatidia (Fig. 2 ).
To further address the identity of the car
∆146
-induced Delta-positive compartments we compared their distribution to a set of endocytic marker proteins.
Avl, Hrs and Rab5 are present on early endosomes Wucherpfennig et al., 2003; Lu and Bilder, 2005) . These markers colocalized with Delta in apical early endosomes of wild-type and car ∆146 cells (arrows in Figs. 3 H, J'), but the majority of the intensely stained Delta-positive compartments in car ∆146 were negative for early endosomal markers (arrowheads in Fig. 3H , H", J"; see also Significant labeling of Delta-positive compartments in car ∆146 was observed with the late endosomal markers Rab7-YFP (Fig. 4A, B) . Consistent with an accumulation in late endosomes, Gp150 a late endosomal protein implicated in Notch signaling (Li et al., 2003) co-localized with Boss endocytosed into car ∆146 R7 cells (Fig. 3K) .
Furthermore, the Delta-positive compartments were marked by GFP-LAMP1 ( Fig.   3L ) which accumulated in car ∆146 cells as previously reported for loss of dVps16A (Pulipparacharuvil et al., 2005) . Together, these data demonstrate that, in the absence of car function, endocytosed ligands pass through early endosomes and accumulate in a Rab7-positive late endocytic compartment.
Late endosomes cluster in the absence of Car
In wild-type imaginal disc cells, Rab5-CFP is present in early endosomes just below the apical surface, whereas Rab7-YFP is distributed throughout cells ( Fig. 4B and Marois et al., 2006) . By contrast, in car ∆146 cells Rab7-YFP is highly enriched in acidified Delta-positive compartments close to the sub-apical early endosomes marked by Rab5-CFP (Fig. 4A, B) . Nevertheless, these clustered Rab7-positive late endosomes were not enriched in Rab5 (see arrowheads in Fig.4 B" ). Rab7-positive endosomes clustered close to the apically localized -tubulin (Fig. 4C ) reminiscent of the pericentriolar accumulation of late endosomes and lysosomes after overexpression of mVps18, mVps33B or hVps39 (Caplan et al., 2001; Poupon et al., 2003; Gissen et al., 2005) .
We therefore wondered whether the accumulation of Rab7-positive endosomes correlated with an increased recruitment of subunits of the HOPS complex. In wildtype cells, Dor is detected in a punctate pattern, partially co-localizing with Car (e.g. arrowheads in Fig. 4E ) and a subset of these punctae are positive for Delta, indicating they represent endosomes (arrows in Fig. 4E ). In car ∆146 cells, Dor was still present in a punctate pattern and, at levels just below the apical surface, Dor appeared slightly enriched in car ∆146 cells ( Fig. 4G and G').
The opposite was the case for dVps16A which directly binds to Car (Pulipparacharuvil et al., 2005) . In wild-type cells, dVps16A was apically enriched (Fig. 4F ) and colocalized with Dor (arrowheads in Fig. 4G ). By contrast, staining for dVps16A was markedly reduced in car ∆146 cells despite the accumulation of Rab7-positive vesicles (Fig. 4F) . The differential response of Dor and dVps16A to the loss of Car protein was most obvious in their direct comparison, where car ∆146 cells exhibited reduced dVps16A staining while simultaneously enhanced Dor staining was apparent in optical sections just below the apical surface (Fig. 4G ). These results are consistent with the idea that a direct interaction with Car is critical for the recruitment of dVps16A but not Dor to endosomes.
An alternative mechanism for the clustering of late endosomes was suggested by observations in mammalian cells where Rab7-GTP can recruit the Dynein/Dynactin receptors RILP and ORPIL to late endosomes thus triggering their movement towards the minus ends of microtubules at centrosomes (Jordens et al., 2001; Johansson et al., 2007) . Consistent with this possibility, we found dynein light chain present at Rab7-positive endosomes in car ∆146 cells (Fig. 4D, D' ).
Car binds to dSyntaxin 16
A key function of SM proteins like Car is their binding to syntaxins Jahn and Scheller, 2006) . To test different Drosophila homologs of syntaxins that act in endosomal pathways (Hong, 2005) for possible interactions with
Car we used co-immunoprecipitation experiments. Car, or its closest homolog dVps33B, were co-expressed in S2 cells together with different syntaxins in which the C-terminal transmembrane domain had been replaced by an epitope tag. Co-immunoprecipitation using anti-Car antibodies, but not pre-immune sera, specifically pulled down dSyntaxin16 (Fig. 5A ).
It is interesting to note that this interaction was not observed when N-terminallytagged Syntaxins were used for pull-down (Fig. 5B ). This suggests that the binding of Car to dSyntaxin16 involves the N-terminal region of dSyntaxin16, similar to interactions between other Syntaxins and SM proteins (Dulubova et al., 2002; Hu et al., 2007) .
Binding of Car to dSyntaxin16 was surprising, as it had previously been localized to the Golgi complex (Xu et al., 2002) . However, only a subset of dSyntaxin16 colocalized with Golgi markers in salivary glands (Xu et al., 2002) or eye discs ( Fig. 6E ,E'), dSyntaxin16 did not localize to the enlarged YFP-Rab7 positive late endosomes in car ∆146 cells (Fig. 6E , white arrowheads and Fig. 6F ). These data suggest that dSyntaxin16 may be present on lysosomes -rather than YFP-Rab7 positive late endosomes -during the fusion reaction and that it is likely to be delivered there by a route distinct from Rab7-positive late endosomes.
Car and dVps33B are not redundant
We also examined the binding of Car's closest Drosophila homolog, dVps33B, to endocytic syntaxins. After co-expression in S2 cells, dVps33B bound most strongly to Avl, a syntaxin implicated in early endosomal fusions (Lu and Bilder, 2005) . A weaker interaction was also observed with dSyntaxin16, but not dSyntaxin13 or dSyntaxin8 (Fig. 5C ).
Although binding of dVps33B to dSyntaxin16 was weak compared to Avl, it raised the possibility that dVps33B might be able to partially substitute for Car. To explore this possibility we generated transgenic flies expressing dVps33B under UAS control (Fig. 7A) . Overexpression of this transgene under the control of several drivers (da-, act-, or arm-Gal4) did not elicit phenotypic responses in wild-type flies.
Using the MARCM system (Lee and Luo, 2001) , we specifically expressed dVps33B
in car ∆146 cells. Expression of dVps33B was not able to restore pigmentation in clones of car ∆146 cells in the adult eye (Fig. 7B ), or restore normal trafficking of Delta to lysosomes in car ∆146 cells in imaginal discs (Fig. 7C) . Furthermore, the late degeneration in patches of car ∆146 cells in the eye was not prevented by dVps33B expression (Fig. 7D) . Together, these results argue against the possibility that dVps33B can act redundantly with Car and usurp its function in the HOPS complex.
Thus, Car is the major SM protein necessary for trafficking to pigment granules and is also required for endosomal and autophagosomal cargo to reach lysosomes.
Discussion
Car/Vps33A is the principle SM protein required for membrane fusions of lysosomes and LROs.
Three SM proteins have been implicated in membrane fusion events in the endocytic pathway: Vps45, Vps33B and Car/Vps33A. Our analysis of a car null allele indicates that Car is the major SM protein required for the delivery of endosomal content to lysosomes in Drosophila. Furthermore, Car is required for the biogenesis of pigment granules, the only lysosome-related organelle so far described in Drosophila (Lloyd et al., 1998) . These requirements are consistent with the presence of Car in a complex with other Vps-C proteins, its binding to dVps16A (Sevrioukov et al., 1999; Pulipparacharuvil et al., 2005) and the subtle trafficking defects observed in the mild car 1 allele (Sriram et al., 2003) . Consistent with the observations of Sriram et al. (2003) , our data also point to distinct functions for different Vps-C proteins, as endosomes in car mutant cells exhibit reduced dVps16A but increased Dor levels.
Whether Car contributes to the dissociation of Dor via catalyzing the fusion reaction itself or by a distinct mechanism is not clear yet.
Car and degeneration
One important consequence of loss of car function was the degeneration of photoreceptor neurons (Fig. 2) . Neurodegeneration is a common consequence of lysosomal dysfunction, examples include different forms of Neuronal Ceroid
Lipofuscinosces in humans (Haltia, 2003) , loss of the major lysosomal protease Cathepsin D in mice (Shacka et al., 2007) or mutations in the lysosomal sugar transporter Benchwarmer/Spinster in Drosophila (Dermaut et al., 2005) . Compared to benchwarmer/spinster in which inclusions of abnormal late endosomes and lysosomes accumulate, the late degeneration of car null cells is substantially more severe: in 20-day old photoreceptors cellular content was no longer recognizable (Fig. 2) .
The consequences of lysosomal dysfunction are likely to be further enhanced by the loss of fusion with autophagosomes. The HOPS complex is necessary for fusion of autophagosomes with vacuoles in yeast (Klionsky, 2005) and this function is conserved as loss-of-function phenotypes of dor, dVps16A and car all include the accumulation of autophagosomes (Figure 2 and Pulipparacharuvil et al., 2005; Lindmo et al., 2006) and further enhance such phenotypes in the bluecheese mutant (Simonsen et al., 2007) . Impaired autophagy in itself can be sufficient to trigger neurodegeneration as brain-specific knockouts of Atg5 and Atg7 demonstrated (Hara et al., 2006; Komatsu et al., 2006) . Thus, the severity of the car null degeneration phenotype is consistent with its dual function in the fusion of lysosomes with late endosomes and autophagosomes.
Car interacts with dSyntaxin16
A general function of SM proteins is their binding to syntaxins (Hata et al., 1993) .
We were surprised to find that, in vitro, Car binds to dSyntaxin16, which has previously been described for its function in the Golgi complex (Xu et al., 2002) .
Interestingly, those authors observed that only a subset of Syntaxin16 localized to the Golgi complex, whereas a smaller fraction was present at organelles not further characterized. Our data identify a fraction of the dSyntaxin16-positive structures as lysosomes (Fig. 6 ). Experiments testing possible genetic interactions between car and dSyx16 are hampered by the lack of dSyx16 mutants or efficient RNAi trangenes and the close proximity of the two genes on the x-chromosome. However, participation of dSyntaxin16 in two distinct fusion events in the secretory and the endosomal pathway is not without precedent among SNARE proteins; other examples include SNAP-25 (Aikawa et al., 2006) and Synaptobrevin (Deak et al., 2004 ).
How dSyntaxin16 is targeted to these different membranes is not clear. During vacuolar fusion in yeast, Vps33 interacts with the syntaxin Vam3 (Dulubova et al., 2001 ) which is delivered from the Golgi complex to the vacuole via the adaptor protein-3 (AP-3) dependent pathway (Cowles et al., 1997) . This may also be the case for the lysosomal subset of dSyntaxin16, as its absence from the Rab7-positive compartment in car null cells (Fig. 6 ) argues against a delivery via the late endosomal route. Consistent with an AP-3 dependent pathway to lysosomes is the genetic interaction between garnet and car (Lloyd et al., 1998) . The garnet eye color mutant encodes the  subunit of the AP-3 complex and the mild phenotypes observed in garnet (Ooi et al., 1997; Simpson et al., 1997; Lloyd et al., 1999) and mutations in other AP-3 subunits (Boehm and Bonifacino, 2001) suggest that the AP-3 pathway to lysosomes can be partially supplanted by the endosomal route. Such a salvage pathway to lysosomes explained the subtle changes in human cells deficient for the 3A subunit (Dell' Angelica et al., 1999) . Reduced activity of this salvage pathway in the mild car 1 allele thus could explain the genetic interaction between the garnet and car mutants.
A function of Car in early endosomes?
Vps33p, as part of the class C Vps complex, is also required during fusion events with early endosome membranes in yeast (Peterson and Emr, 2001; Subramanian et al., 2004) . In Drosophila, we found no evidence for such a role of Car. Our data indicate that car null cells internalized ligands which moved through early endosomes marked by Avl, Hrs and Rab5 to eventually accumulate in a Rab7-positive late endosomal compartment (Figs. 3 and 4) .
The accumulation of ligands and receptors in car ∆146 cells is not accompanied by ectopic signaling. By contrast, interference with early endosome fusions by mutations in the syntaxin Avl or the GTPase Rab5 result in severe developmental defects due to the accumulation of the Notch receptor and the apical determinant Crumbs (Lu and Bilder, 2005) . Similarly, developmental defects result from the inactivation of Drosophila homologs of class E vps genes (Moberg et al., 2005; Sevrioukov et al., 2005; Thompson et al., 2005; Vaccari and Bilder, 2005; Herz et al., 2006) . This subset of vps genes, including vps23, vps25 and vps28, have been implicated in the sorting of cargo into multivesicular bodies (MVBs) in yeast and metazoa (Katzmann et al., 2002) . Thus, the absence of cell fate changes in car mutant cells despite the dramatic accumulation of ligands and receptors argues for a specific function of Car late in endocytic trafficking after the signaling of receptors is terminated by their sequestration into MVBs.
A possible explanation for our finding that Car, unlike yeast Vps33p, is dispensable for early endosomal fusions is the presence of Vps33B, a second Vps33 homolog in metazoa (Pevsner et al., 1996) . A possible role of Vps33B in some early endosomal fusions is consistent with its binding to the early endosomal syntaxin Avl (labeled Syx7 in Fig. 5 ). The consequences of the loss of Vps33B function are, however, not consistent with a complete loss of early endosomal fusions (Gissen et al., 2004; Matthews et al., 2005) . This suggests an additional role for either Vps45 (Cowles et al., 1994; Piper et al., 1994; Morrison et al., 2008) or Vps33A in early endosome fusion events.
Recent studies described efficient clustering of LROs, including lysosomes and melanosomes close to the microtubule organizing center (MTOC) in response to the overexpression of mammalian homologs of HOPS subunits ( Poupon et al., 2003) (Caplan et al., 2001 ). These observations were interpreted as a reflection of HOPS-mediated tethering of LROs. Our findings suggest an alternative explanation for these results. In car null cells, we observed similar clustering of Rab7-positive late endosomes close to the microtubule organizing center (Fig. 4C ).
This is may be a consequence of misregulated Rab7 activity, as in yeast the HOPS complex directly binds to Ypt7 and acts as its exchange factor (Seals et al., 2000; Wurmser et al., 2000) . Misregulation of Rab7 can induce the dynein-mediated transport of late endosomes towards the MTOC (Jordens et al., 2001; Johansson et al., 2007) . Thus, the peri-centrosomal clustering of late endosomes/lysosomes after overexpression of HOPS subunits may not represent a HOPS gain-of-function phenotype in tethering, but a loss-of-function phenotype, a common consequence when individual subunits of multi-protein complexes are overexpressed (Herskowitz, 1987) .
A function in endosome maturation has recently been proposed for HOPS-like complexes based on observations that such complexes including hVps16 and hVps18 catalyze the exchange of Rab5 to Rab7 (Rink et al., 2005) . Similarly in yeast, the exchange of Vps21p to Ypt7p may be associated with the transformation of the CORVET to the HOPS complex which both share Vps33p as part of the Vps-C core (Peplowska et al., 2007) . Car/Vps33A is not required for Rab5/7 conversion during endosome maturation in Drosophila, as in car ∆146 imaginal cells internalized ligands accumulated in a Rab5-negative / Rab7-positive compartment (Fig. 4) . Instead, this role may be filled by Vps33B. Null mutations in the two Vps33 homologs in the same model system will be necessary to fully understand the level to which these proteins have overlapping and distinct functions.
Materials and Methods

Molecular Biology
For expression in S2 cells, plasmids encoding epitope-tagged versions of fulllength Car and dVps33B under control of the metallothionein promoter have been described (Pulipparacharuvil et al., 2005) . Similar expression constructs were prepared for the Syntaxins Avl, dSyntaxin8, dSyntaxin13, and dSyntaxin16 by using PCR, but each of their respective transmembrane domains were replaced with the BN tag (amino acids 59-77 of the Boss protein: TSPTKKSAPLRITKPQPTS).
Antibodies specifically recognizing this epitope have been described . S2 cells were transfected and 24 h later addition of 0.7 mM Cu 2 SO 4 induced expression (Bunch et al., 1988) . 16-24 h after induction, S2 cells were lysed in a buffer containing 10 mM HEPES/KOH (pH-7.4), 143 mM KCl, 5 mM MgCl 2 , complete EDTA-Free protease inhibitor mix (Roche), 1 mM DTT and 1% Triton X-100. Lysates were spun at 20,000 g for 20 minutes and the cleared supernatant was used for immunoprecipitation assays as described (Pulipparacharuvil et al., 2005) .
Fly work
Transgenic flies were generated with pUASt vectors (Brand and Perrimon, 1993) containing cDNAs encoding Car (Sevrioukov et al., 1999) , a Myc-tagged dVps33B or GFP-Lamp1 (Pulipparacharuvil et al., 2005) . Expression of these constructs was driven by P[GMR-Gal4] (Hay et al., 1994 ) P[ey-Gal4] (Hazelett et al., 1998) Eaton. A ubiquitously expressed marker for lysosomes was generated by expressing GFP-LAMP1 (Pulipparacharuvil et al., 2005) under control of the tubulin promoter. A 4.4 kb genomic fragment containing the car genomic region was generated using the primers ccgctcgAGCGCTGAAAGGCTAGTGGAAC and cggaattcACTTTTGTTTGGAATGCTTTCCGTTT and inserted into the XbaI and EcoRI sites of the pCasper4 vector for establishment of transgenic lines.
For generation of the car null allele we started with the car G0447 allele in which a P element (EPgy2) is inserted ~150 bp upstream of the Car start codon (Peter et al., 2002) . This P element was mobilized using standard procedures. Resulting precise excisions were wild type. Imprecise excisions were initially detected by noncomplementation of car 1 and subsequently the extent of the deletion was determined using PCR followed by sequencing.
For Western blots of car ∆146 and dor 8 lysates, hemizygous larvae were recognized by the absence of the GFP-tagged FM7 balancer (Casso et al., 2000) .
To test for genetic interactions between car and dSyx16 we used the deficiency Df(1)Exel6254 which eliminates dSyx16 but did not exhibit genetic interactions with +/car 1 flies. Similarly, a dSyx16-RNAi transgene from the Vienna stock center failed to interact with car 1 .
Histology and Microscopy
Imaginal discs were stained with antibodies against Dor (DorY81, 1:100), Avl (dSyx7-44, 1:1000) and dVps16A (vps16-67, 1:1000) or the Myc epitope (9E10, 1:500) as described (Pulipparacharuvil et al., 2005) . Other antibodies used were against Car (Car-1454, 1:1000; Sevrioukov et al., 1999) , Boss (rabbit NN1, 1:2000; boss1, 1:500; Krämer et al., 1991) , Hook (1:500; Krämer and Phistry, 1996) , Delta (GP581, 1:1000; mAb202, 1:50; Parks et al., 1995), Hrs (N-term, 1:300; Lloyd et al., 2002), gp150 (1:75; Li et al., 2003) , Notch (mAbC17.9C6, 1:50; Fehon et al., 1990) ; Live internalization assays were performed as described by Le Borgne and Schweisguth (2003) . In brief, freshly retrieved eye discs were incubated in Schneider's medium containing antibodies against the extracellular domain of Delta (mAb202) for 20 min at 4°C. Subsequently, after three brief washes and the indicated chase time, discs were fixed, permeabilized and the location of internalized antibodies was compared to that of total Delta (GP581).
Secondary antibodies conjugated to the indicated ALEXA dyes were detected using 63x NA 1.4 or 40x NA1.3 lenses on a Zeiss LSM510 Meta confocal microscope. Its Meta detector allowed for the spectral separation of CFP, eGFP and YFP. All digital images were imported into Photoshop and adjusted for gain and contrast. For light and electron microscopy of compound eyes, adult heads were fixed, embedded in plastic and sectioned as described (Van Vactor et al., 1991) .
For quantification of Syntaxin16 localization imaginal discs expressing the indicated GFP-tagged transgenes were double-stained with anti-dSyx16 antibodies and anti-GFP antibodies. Individual image were captured by confocal microscopy. Subsequently, discs were fixed, permeabilized and the location of internalized antibodies was compared to that of total Delta (D total 
